This work quantifies the backshell radiative heating experienced by payloads on humanscale vehicles entering the Martian atmosphere. Three underlying configurations were studied: a generic sphere, a sphere-cone forebody with a cylindrical payload, and an ellipsled. Computational fluid dynamics simulations of the flow field and radiation were performed using the LAURA and HARA codes, respectively. Results of this work indicated the primary contributor to radiative heating is emission from the CO2 IR band system. Furthermore, the backshell radiation component of heating can persist lower than 2 km/s during entry and descent. For the sphere-cone configuration a peak heat flux of about 3.5 W/cm 2 was observed at the payload juncture during entry. At similar conditions, the ellipsled geometry experienced about 1.25 W/cm 2 on the backshell, but as much as 8 W/cm 2 on the base at very high angle of attack. Overall, this study sheds light on the potential magnitudes of backshell radiative heating that various configurations may experience. These results may serve as a starting point for thermal protection system design or configuration changes necessary to accommodate thermal radiation levels.
I. Introduction
During entry into the Martian atmosphere, vehicles are subject to a challenging aerothermodynamic environment. A significant amount of work has gone into characterizing both convective and radiative heating on the forebody of entry vehicles. [1] [2] [3] [4] The primarily CO 2 Mars atmosphere presents different issues than Earth's atmosphere, particularly with regards to radiation. One particular area of interest is the afterbody region. As the hot gases from the forebody shock-layer spill into the afterbody region, they can establish a large volume of gas that can radiate onto the backshell of the vehicle. For Earth entry, this radiation, and even forebody radiation, is typically only an issue for super-orbital velocity entries. 5 At Mars, however, radiation can be an issue at speeds well below orbital speed.
In previous missions to Mars, the radiative heating environment in the afterbody region was neglected during thermal protection system (TPS) design due to the expectation of minimal contribution and lack of accurate wake environment modeling capabilities. Informed by additional experimental testing, 6 CO 2 infrared (IR) emission is now known to be a significant contributor to radiative heating. This is of particular interest to vehicles traveling well below orbital speed where the CO 2 molecule is not dissociated, but rather is highly vibrationally excited. Work by Brandis et al. 7 showed the potential impact of radiation from the wake flow onto the backshell as a result of CO 2 IR radiation on multiple capsule like geometries, including the Mars Science Lab configuration. However, this work was done on smaller, robotic-scale vehicles. As NASA progresses closer to the human exploration of Mars, significantly larger vehicles will likely be used to land both crew and cargo onto the surface. To effectively protect from the radiative environment that may be experienced, the potential heating on the backshell of such human-scale entry vehicles needs to be quantified.
The primary objective of this work is to quantify the backshell radiative heating that payloads on humanscale vehicles entering the Martian atmosphere may experience. The goal will be to investigate three underlying configurations: a generic sphere, a sphere-cone forebody with a cylindrical payload, and an ellipsled. The sphere geometry serves as a fundamental case study and is used to identify key features and trends of backshell radiation. The other two configurations are representative of designs currently being investigated by NASA. The goal will be to determine the dependency of the radiation on different geometries and to quantify the magnitude of the radiative heating in the backshell region of each configuration. This information can be used to size appropriate thermal protection systems for future missions.
The next section details the computational models used in the radiative heating analysis. Section III presents the sphere study. Sections IV and V present the results of the sphere-cone with a cylindrical payload and ellipsled studies, respectively. The last section summarizes this work and details the key findings.
II. Computational Models
In this study, the flow field was modeled using the LAURA finite-volume, Navier-Stokes flow solver. 8 This solver uses a second-order, upwind, discretization scheme with Roe's flux-difference splitting scheme and Yee's Symmetric Total Variation Diminishing (STVD) formulation of the inviscid flux. For all cases, the flow field was assumed to be steady state with a two-temperature, thermochemical nonequilibrium model. 9, 10 While turbulent flow is expected to develop on the forebody and extend onto the backshell of each configuration studied, the state of the boundary layer is expected to have little impact on the radiative heating studied here. Furthermore, an accurate modeling of the turbulent convective heating on the backshell is beyond the scope of this study. Thus, the boundary layer was modeled as entirely laminar.
The Mars atmosphere was modeled as 97% CO 2 and 3% N 2 by mass, while the flow field was modeled using an eight species composition model: CO 2 , CO, N 2 , O 2 , NO, C, N, O. The 11 reaction finite rate chemistry model that was used is shown in Table 1 . 4 Note that the parameters in this table are those of an Arrhenius form, and the equation for the forward reaction rate is given by Eq. (1). Backward reaction rates are computed assuming quasi-steady state. 
The entire surface of each configuration was assumed to be non-ablating and in radiative equilibrium with a fully-catalytic to homogeneous recombination wall boundary condition. Note that the wall catalyst model on a non-ablating surface has a negligible effect on the surface radiative heating. 3 The radiation was modeled using the High-Temperature Aerothermodynamic Radiation (HARA) code. 11, 12 In the present study, the flow field solver and the radiative heat transfer calculations are loosely coupled. Note that the radiating gas in the afterbody region can become increasingly optically thick. 7 A line-by-line treatment of the CO 2 and CO molecules is used rather than a smeared rotational band model to ensure accuracy.
The HARA code uses a tangent-slab approximation for computing the radiative flux and its divergence; however, Brandis et al. 7 showed that the tangent-slab approximation can cause the radiation to be overpredicted in the afterbody region. A full ray-tracing or angular integration approach 16 is necessary to produce accurate predictions of the radiation. All results shown in this work applied the HARA ray-tracing approach to compute radiative heating.
III. Sphere Geometry
As a preliminary study of the backshell radiation, the first geometry studied was a sphere. Spheres with three diameters were investigated: 2, 10, and 20 meters. These diameters are in the range of possible aeroshell or entry vehicle scales needed for large payload delivery to the Martian surface. These spheres were studied at velocities of 2, 3, 4, and 5 km/s and at densities of 10 −4 and 10 −3 kg/m 3 . This range covers the conditions a vehicle may traverse during planetary entry and descent. The goal was to use results from a more fundamental geometry to inform the analysis of more complex shapes studied later. Also, the use of a simple geometry may eventually allow for the development of engineering relationships for use in analysis and design.
A. Radiation Mechanisms
Before analyzing the results as a whole, a discussion of the radiation features is necessary to inform the results and trends that will be shown for the suite of cases. As a sample case for this, the 20 m sphere at 3.0 km/s and 10 −3 kg/m 3 was studied. Later this case is shown to be extreme in terms of the backshell radiation and is a condition that many descending vehicles may encounter. For the stagnation line, the wavelength spectrum and temperature profiles are shown in Figure 1 . Notice that the primary radiation contribution is from the CO 2 IR band system. There is very minimal contribution from CO IR due to the low temperatures. The temperature profile shows that the flow is in thermodynamic equilibrium at these conditions in the stagnation region. Note the high radiation from CO 2 when the flow is between 2000 and 3000 K is in agreement with previous studies. 16 The backshell region behaves quite similarly to the stagnation region for this and many other cases. Figure 2 shows the wavelength spectrum and temperature profiles at a selected backshell point located at about 75% of the diameter measured from the stagnation point. Notice again that the only contribution to the radiation is from the CO 2 IR band system. In the temperature profile, which is measured along the line normal to the body, there is only a small region near the wall that is just out of thermodynamic equilibrium. This would cause a slight drop in intensity, but this region is small. Otherwise the wake is primarily in thermodynamic equilibrium along this line. The important take away from this is that CO 2 is the primary emitter at these conditions. Even for the higher speed studied here, there is not enough energy in the flow to strongly excite CO, 3 even though CO is present due to CO 2 dissociation. This is discussed later in this section. Figure 3 shows a summary of the sphere results. There are several important features and trends that can be observed as a function of all three varied parameters. First, the diameter dependency is as expected. The radiation to the surface increases proportionally to the sphere diameter due to a stronger shock and thicker shock-layer (i.e., more excited CO 2 ). This is true both in the forebody and on the backshell. Note that the increase is not linear with the diameter becasuse CO 2 IR is not optically thin. What is possibly not so intuitive is that the maximum radiation does not always occur at the stagnation point. Notice at the higher velocities that peak radiative heating occurs downstream of the stagnation point, but still on the forebody. This again is related to the strength of the shock. At lower velocities, the shock is just strong enough to excite the CO 2 molecule resulting in emission from the IR band. At velocities above about 3 km/s, the higher temperatures produced behind the shock results in dissociation of CO 2 to CO. However, for a fixed temperature and number density, the CO IR band is a weaker emitter than the CO 2 IR band. This results in the observed lower radiative heating at the stagnation point. Downstream, there is more undissociated, but excited CO 2 resulting in higher radiation at the surface. Moving along the surface to the backshell region (x/D > 0.5), radiative heating decreases to some nonzero value for all cases. This is significant because, even when the surface normal is aligned with the flow direction (i.e., on the backshell), there is still radiation to the surface. For the 20 m diameter sphere, the radiative heating can be greater than 5 W/cm 2 , which emanates from two primary sources. The first is as excited flow from the forebody expands into the backshell region, it radiates to the body. The second source is the recompression region in the wake. There is a significant, local temperature rise in this region that causes emission from CO 2 . This is shown in the temperature contour in Figure 4 for the 20 m sphere at 3 km/s and 0.001 kg/m 3 . This figure also illustrates where in the flow the radiation is coming from at a point on the backshell. The hemisphere on the surface of the sphere geometry shows that a portion of the radiation emanates from the forebody region, but there is also a large contribution from the recompression area. For the more complex geometries discussed later, these features will hold true, but the main point is that the radiation is significant in the backshell region even for velocities as low as 2 km/s and that the source of radiation is not just the gas near the forebody. The results shown here will be revisited for comparison to those observed for the more complex geometries.
B. Analysis and Results

C. Convergence
For backshell radiation analyses, there are three components of convergence measure: grid resolution, wake distance, and the number of rays used in the ray tracing approach. For the 20 m diameter sphere at 3.0 km/s and 0.001 kg/m 3 , a summary of the impact that these convergence measures have on the radiation at a selected point on the backshell is shown in Table 2 . Notice that for each of these components the maximum change from the baseline radiation prediction is less than 2%. Doubling the grid resolution normal to the surface has the least impact. Extending the wake distance beyond the baseline five diameters makes little impact. This result is in agreement with Brandis et al. 7 who observed a four diameter wake was necessary for the Mars Science Lab capsule configuration. The number of rays used in the ray tracing also has little impact, even for 100 times more rays. Overall, the results of these convergence tests for sphere cases may be used to inform the analysis of more complex shapes; however, a word of caution should be noted. The baseline values for the sphere should be considered the minimums needed for other analyses. As with any CFD study, grids are geometry dependent. 
D. Uncertainty Analysis
The simplicity of the sphere cases also allows for a quick look at the uncertainty and sensitivities in radiation predictions on the backshell. Previous work has investigated the impact of various sources of uncertainty only in the forebody and for speeds greater than 6.0 km/s. 2, 3, 17 At the lower speeds studied here and in the backshell region, there is not significant emission or absorption from any of the CO band systems. This greatly reduces the potential sources of input uncertainty to those that only impact CO 2 radiation. In this work, three sources of uncertainty were considered and are shown in Table 3 . Note that all of these sources are assumed to be epistemic as there is not significant evidence to support any probability distribution claim. The point collocation, non-intrusive polynomial chaos method was used to efficiently and accurately propagate the uncertainty. This approach has been used extensively in many aerospace applications and, more particularly in radiation prediction uncertainty analyses. 2, 17, 20 Additionally, polynomial chaos expansions can be used to compute the Sobol indices used to determine the contribution of each parameter to the total uncertainty. 21 Further details of both approaches are left to the references. 18, 19 Figure 5 shows the results of the uncertainty analysis for a 20 m sphere at a speed of 3.0 km/s and density of 10 −3 kg/m 3 . At the stagnation point, the uncertainty can range from 10% below the nominal to more than 30% over the nominal. This is the widest variation along the sphere surface. In the backshell region, the radiation varies from about -6% to over 20% above the nominal prediction. More interestingly, the variation in the sensitivity along the sphere depicts differences from the stagnation point. In this region, the dissociation of CO 2 is the more important uncertainty source, which is expected given that this is where the dissociation occurs. Downstream, the CO 2 IR oscillator strength becomes the more significant source of uncertainty, until reaching the backshell region; however the CO 2 dissociation rate is a factor as there may still be some dissociation, as well as recombination that is impacted by this uncertainty. In the afterbody, the CO 2 rate becomes the dominate contributor to the uncertainty again due to recombination of any dissociated CO 2 .
IV. Sphere-cone with Cylindrical Payload
This section presents the afterbody radiative heating results for a sphere-cone with cylindrical payload. This configuration is a representative geometry similar to proposed hypersonic inflatable aerodynamic decelerator (HIAD) vehicle concepts. 16, 22 Compared to previous rigid aeroshells, the inflatable concept offers a combination of increased payload mass to the surface and high-altitude deceleration. One of the technical challenges of the HIAD is the radiative heating in the afterbody region of the vehicle. This section investigates, in particular, the potential radiative heating on the cylindrical payload and backshell, as well as the effects of the flow characteristics on this heating for a range of freestream conditions. A 16 m sphere-cone with a 8 m blunted spherical nose and 70-deg half-angle cone is considered as the heatshield of a human-scale vehicle entering the Martian atmosphere. The cylindrical body is attached to the backshell of the heatshield and represents the payload with a diameter of 7.2 meters. The entire body, including the payload and heat shield, is considered to be rigid. Figure 6 shows a schematic of this geometry. Note that the bridging juncture between the backshell and payload has a smooth and variable incline surface rather than a conventional sharp corner.
A structured grid with 192 blocks surrounds half of the sphere-cone and payload surfaces with a symmetry plane located at the centerline. For each block, 106 surface normal grid cells emanate from the surface. The grid extends six body lengths into the wake, downstream of the aft most point of the payload. Results indicate consistently that the afterbody radiation for wake distances of four and six body lengths are identical to within 1% for a sample of the cases presented in this section. This is similar to the convergence study shown for the spheres.
The forebody and afterbody flow is considered for a set of trajectory points during aerocapture and entry phases to study potential radiative heating on the backshell and payload. Table 4 presents the freestream conditions and orientation of the vehicle for the selected aerocapture and entry trajectory points. In the next two subsections, the afterbody radiative heating results are presented and compared for the aerocapture and entry trajectories. For both trajectory phases, the peak radiative heat flux on the afterbody is identified, and the contributing ray intensity distributions to the radiative flux are shown and discussed at the corresponding surface points. The contributions of the dominate molecular band systems are also analyzed. With the range of freestream conditions considered, conclusions are made on the relationship of the afterbody radiative heat flux to the flow characteristics and forebody radiative heat flux.
A. Aerocapture
This subsection examines the afterbody radiative heating environment for the aerocapture trajectory. Peak radiative heating of about 1.5 W/cm 2 occurs at the 175s trajectory point. Figure 7 presents the afterbody radiative flux distribution within a 14m-diameter circle of influence, which includes the backshell and payload surfaces. A sample of 547 afterbody surface points in this region were computed with ray-tracing and interpolated on the surface grid. Each surface point requires the radiative intensity along 360 lines of sight. This is representative of all cases presented in this section. The maximum afterbody radiative flux is located at the juncture on the centerline and on the leeward side (top portion) of the surface for all cases, which are summarized later. The windward (bottom) region of the afterbody surface has, in general, lower radiative fluxes compared to the leeward region. The reason for the higher radiative heating on the leeward portion of the afterbody can be explained with Figures 8 and 9 . Because the vehicle is oriented at an angle of attack, the CO 2 molecule is more dissociated within the forebody shock layer on the windward side compared to the leeward side. On the leeward side, more undissociated, vibrationally-excited CO 2 , flows from the forebody to the afterbody. The results in Figure 7 also show that there is an additional peak in the radiative flux on the top and aft portion of the payload. The peak at the payload is comparable but slightly lower than the maximum radiative flux at the juncture. Figure 10 presents the radiant intensity angular distribution on a projected hemisphere, oriented normal to the peak juncture and payload body points. Reference hemispherical rays that intersect the surface points and the outer grid boundary are shown for correspondence between the radiant intensity angular distributions and the afterbody flow. The origin of each radiant intensity contours in Figure 10 coincides with the body normal vector. The integrated heat flux is calculated by integrating the radiant intensity over the surface area of the hemisphere plot with respect to the solid angle. The results show the asymmetric distribution of the radiant intensity, which explains why the afterbody radiation must be computed with ray tracing as opposed to tangent slab approximation. The radiant intensities are, however, symmetric about the symmetry plane, which explains the peak radiative fluxes at the centerline.
The angular distribution plots further show that the maximum radiant intensities are centered on the rays that pass through a region of highly-concentrated CO 2 gas at high vibrational temperatures of about 3000 K in the afterbody flow. For example, the strongest intensities for the juncture in Figure 10 (a) correspond to the afterbody flow region, downstream of the shoulder, with much higher CO 2 mass fractions compared to the forebody. At high velocities above 5 km/s during aerocapture, the forebody vibrational temperatures are too high near the shoulder and cause significant dissociation of CO 2 . In Figure 10(b) , the results are consistent with the juncture body point and show the same flow region for which strongest intensities originate. There is also a stream of CO 2 gas downstream of the aft most point of the payload which contributes a focal point of intensity on the right of each body point hemisphere plot. These results are in agreement with previous studies by Mazaheri 16 and Brandis et al., 7 which show that the relatively low temperatures between 2000 and 3000 K in the shock layer and afterbody flow resulting in strongly emitting CO 2 molecules to remain undissociated at mid-infrared wavelengths. The impact of CO 2 emission on the radiative flux for the juncture body point is presented in Figure 11 (c). The CO 2 IR molecular band system provides the dominant backshell radiation component throughout the aerocapture trajectory. Other than the CO 2 IR band system, the CO IR band emission provides a noticeable contribution to the backshell radiation at velocities greater than 5 km/s, as a result of more dissociated CO gas flowing into the afterbody wake. Comparing this result to the forebody, the CO 4th Positive and CO IR bands become more significant to the radiation near the stagnation point and leeward shoulder in Figures 11(a) and 11(b), respectively. There is a noticeable transition from the dominating CO 4th Positive band at higher velocities near 75 seconds to the dominating CO 2 IR at lower velocities near 250 seconds at the stagnation point. Between these strong spectrum emissions, the CO IR band becomes a significant contributor. At lower temperatures away from the stagnation point, around the shoulder and in the backshell, the expected result of decreased CO emission is seen. This provides a strong argument for the presence of strongly emitting CO 2 molecules, which results in increased radiation near the shoulder and around the afterbody.
A summary of the radiative heating magnitudes for the aerocapture trajectory at the peak forebody and afterbody surface points are detailed in Figure 12 . As expected, the peak radiative flux on the forebody occurs on the shoulder based on the previous discussion regarding increased presence of CO 2 at these velocities below 7 km/s. The results show the afterbody radiative flux is significant compared to the peak forebody radiative flux, and in some cases above 6 km/s, can reach comparable levels. Furthermore, the maximum radiative heat loads for the shoulder and juncture were estimated to be 265 and 190 J/cm 2 , respectively. Even though the afterbody radiative heat load may seem low but significant relative to the forebody, the magnitude is important for the design of a TPS on the backshell and payload, considering there is additional heat load from the entry trajectory.
B. Entry
This subsection examines the afterbody radiative heating environment for the entry trajectory phase. Compared to aerocapture, the vehicle during entry is exposed to flow at higher densities and lower velocities and flies at a smaller angle of attack, which could potentially have dramatic effects on the afterbody radiation. Figure 13 presents the afterbody radiative flux throughout the entry trajectory for designated body points on the backshell and payload surfaces. The radiative fluxes have at least tripled in magnitude relative to aerocapture, which can be explained by increased presence of CO 2 at lower velocities. Peak radiative heating of about 3.6 W/cm 2 occurs at the 192 s trajectory point, followed by a decrease in radiative heating at later times. The decrease in radiative flux later in the trajectory can be explained by the reduced temperatures within the shock layer at velocities below 3 km/s. The results in Figure 13 also show that the payload surface near the body axis on the leeward side experiences higher radiative fluxes for most of the trajectory, and in some cases, comparable heating to the juncture. The radiative heat load for this critical payload body point was estimated to be 310 J/cm 2 . The maximum heat flux and combined heat load for both aerocapture and entry, estimated to be around 500 J/cm 2 , can be significant to the design of a sensitive payload. This result can aid in the appropriate selection of TPS material and thickness requirements. Figure 14 presents the radiative flux distribution at the 192s trajectory point for the same afterbody surface region as in the previous subsection. The same number of lines of sight and body points were used to produce these results as in the aerocapture case presented in Figure 7 . Compared to the aerocapture case, the peak radiative flux is now located on the payload centerline on the leeward side instead of the juncture. An additional peak, similar to aerocapture, is also located on the juncture centerline on the leeward side. Because the vehicle is oriented at an angle of attack, the windward region of the afterbody surface has lower radiative fluxes compared to the leeward region due to dissociation of CO 2 in the shock layer. This is consistent with results seen for aerocapture. Figures 15 and 16 show that the leeward flowfield region with high vibrational temperatures and high CO 2 mass fraction radiates strongest and produces magnified radiative fluxes on the leeward payload and juncture surfaces. Comparing Figure 16 to Figure 9 , much higher concentrations of CO2 exist in the afterbody flowfield for this entry condition than for the aerocapture condition. To investigate the flowfield regions that radiate strongest to the afterbody surface in more detail, Figure 17 presents the radiant intensity angular distributions for three body points on the backshell and payload surfaces. Reference hemispherical rays that intersect the surface points and the outer grid boundary are shown for correspondence between the radiant intensity angular distributions and the afterbody flow. The juncture and payload body points are fairly close in proximity to those presented in the previous subsection and represent the peak radiative flux locations at the symmetry plane. The aft most point of the payload is also shown for comparison to the peak body points. Figure 17(a) shows that there is negligible radiation from the surface and the recirculating flow region downstream of the payload. Comparing Figures 17(a) and 17(b), the strongest intensity comes from the flow around the shoulder, where there is a significant presence of CO 2 at high vibrational temperatures around 3000 K. The high temperature region around 3000 K shifted towards the shoulder for entry, while this vibrational temperature band extended around the shoulder and into the afterbody wake for aerocapture. Although there are slight differences in vehicle orientation between both trajectory phases, the impact of angle of attack on this flow behavior is not conclusive but could be one of the potential causes. However, it is evident that the reduced velocities below 5 km/s for entry result in lower vibrational temperatures, compared to aerocapture, near the shoulder and plays a role in the presence of undissociated CO 2 gas in the surrounding flow field. Figure 17(c) shows that the radiation is not as significant from the afterbody recirculating wake region and the high-temperature CO 2 gas near the shoulder is not visible at the aft most point of the payload. Note that the high temperature, vibrationally excited flow spilling around the shoulder expands rapidly, leading to a region of nonequilibrium that emits strongly to the surface. This same feature will be observed for the ellipsled configuration.
Comparing these results to spheres sheds light on the predictive capability of using information from the more simple geometry cases. For the sphere-cone configuration, the peak radiative heating on the backshell is about 3.5 W/cm 2 . Referring back to Figure 3 to the closest point to the 192 s conditions is at the 3.0 km/s and 0.001 kg/m 3 sphere case. Using the sphere data, the backshell radiative heating ranged from about 2 to 3.5 W/cm 2 . For design purposes, results from an appropriately-sized sphere may be sufficient for a preliminary estimation of the backshell heating.
V. Ellipsled Configuration
This section presents a study of the backshell radiative heat flux on an ellipsled configuration. In addition to providing an indication of radiation magnitudes, the impacts on radiation distributions due to variations in ellipsled angle of attack and length are also assessed. Results are presented for a single freestream condition that has been demonstrated to produce significant CO 2 IR radiation.
The ellipsled configuration generally consists of an elliptically-blunted nose and a cylindrical body. Such vehicles have been proposed for performing aerocapture and entry, descent, and landing (EDL) in several previous human-scale Mars architecture studies. 23, 24 The ellipsled configuration is appealing due to its moderately high hypersonic lift-to-drag ratio (L/D) when compared to blunt-body configurations, which places it into the "mid-L/D" class of vehicles. Such mid-L/D configurations can provide the aerodynamic performance required for sufficient deceleration and precision landing of surface assets.
The specific ellipsled configuration developed for this study is shown in Figure 18 . It consists of a hemispherical nose and a cylindrical body with circular cross-section. The base corner of the body has also been designed with a finite radius. Because this study is focused on assessing human-scale vehicles, the ellipsled has been sized with an overall diameter of 10 m and a nominal total length (L) of 30 m. The base corner radius is defined to be 5% of the base radius, yielding a value of 0.25 m. To assess the impact of vehicle size on backshell radiation, ellipsled configurations with L of 20 m and 40 m were also included in this study. The backshell region of the ellipsled surface is defined as consisting of the leeside and base portions of the cylindrical body (see Figure 18 ). For analysis of this ellipsled configuration, a freestream condition was sought at which CO 2 is known to be a significant emitter of IR radiation and is known to dominate the overall incident radiative heat flux. Based on the conditions explored in this work for a sphere and the entry results for the sphere-cone, a velocity 3 km/s and density of 0.001 kg/m 3 were identified as such conditions. These freestream conditions correspond to a Mach number of approximately 13 and a unit Reynolds number of approximately 3 x 10 5 m −1 .
The ellipsled configuration was analyzed at a nominal angle of attack of 40 deg. To assess variation in backshell radiation with varying angle of attack, the nominal (L = 30 m) ellipsled was also analyzed at 25 deg. and 55 deg. angle of attack. Such values would be similar to those employed during human-scale Mars entry and represent a variation in hypersonic L/D of approximately 0.45 to 0.6. Additionally, the sensitivity of the ellipsled length is also investigated by analyzing lengths of 20 and 40 m at the nominal 0 deg. angle of attack.
Flowfield simulations were performed using half-body grids with a symmetry boundary condition at the ellipsled centerline. The associated structured volume grids consisted of 120 blocks with 144 cells normal to the ellipsled surface. For each ellipsled configuration that was analyzed, grid adaptation was formulated such that a wake distance of at least four times the vehicle length was maintained.
A. Angle of Attack Dependency
The L = 30 m ellipsled was analyzed at 25, 40, and 55 deg. angle of attack to assess the impact on radiative heat flux. The resulting distributions along the centerline of the ellipsled are shown in Figure 19 . For reference, the stagnation point radiative heat flux is about 8.6 W/cm 2 for all cases studied. Figures 20 and 21 provide additional context for the radiative heating environment by presenting contours of flowfield temperatures in the symmetry plane and at the X/L = 0.9 axial station, respectively. Contours of translational temperature are represented by colored fill, while two levels of relative vibrational temperature (+10% and -10%) indicate regions of thermodynamic nonequilibrium. Beginning at the forward portion of the leeside centerline (X = 5 m) in Figure 19 (a), all distributions indicate an initial peak in radiative heat flux on the nose, where the gas had been heated by the bow shock. As the flow rapidly expands over the nose, this gas is cooled and the radiative heat flux decreases. As angle of attack increases, this initial peak and subsequent expansion moves forward on the ellipsled.
The leeside flow over the ellipsled is dominated by large regions of separated flow, at all angles of attack. Flow rapidly expands laterally around the sides of the ellipsled onto the leeside surface and eventually separates and rolls up into counter-rotating helical vortices. These vortices form a region of cooler gas along the ellipsled leeside surface (see Figure 20 ). The size of this vortex region thus impacts the extent of reduction seen in the radiative heat flux. As angle of attack increases, the separation point for these vortices moves forward along the ellipsled leeside surface, increasing their axial coverage, however eventually interaction with base flow can cause these vortices to separate axially near the end of the leeside body. Opposing the cooling effect of the vortices is a large region of compressed and heated gas located near the afterbody flow field symmetry plane. Flow that has expanded axially over the nose is deflected upward away from the leeside surface by the vortex flow, potentially forming a shock that emanates from the point of separation. The rapid compression results in heated gas flowing over the leeside vortices (see Figure 20 ). Because the point of axial separation moves forward with increasing angle of attack, this region of deflected, high-temperature gas also moves forward with increasing angle of attack. This region of the flow field increases the incident radiation, as shown in the axial heat flux distributions along the leeside centerline (Figure 19(a) ). The heat flux, initially decreasing due to the cooling of expanding gases, now increases due to exposure to hotter gases in the afterbody flow field. Flow that has expanded laterally around the body must eventually be returned parallel with the symmetry plane because, at least in terms of the current computational model, this flow cannot penetrate the symmetry plane. This turning results in compression and an attendant increase in flowfield temperature (see Figure 21 ). The result is an increase in radiative heat transfer to the body. As angle of attack increases, the magnitude of flow velocity in the transverse direction around the ellipsled increases. Therefore, the compression and attendant temperature rise is also increased at the afterbody flowfield symmetry plane. This progression in the flowfield is evident in Figure 21 .
The trade-off between higher temperatures in the afterbody flow field symmetry plane and lower temperatures within the vortices determines whether or not the distribution in radiative heat flux will increase or decrease axially along the ellipsled backshell. However, given the significant changes in the flow field that occur with changing angle of attack, there is little change to the overall magnitude in the radiation along the leeside centerline. The small differences that are observed are likely in the noise of the uncertainty in the modeling approach.
The distributions in radiative heat flux along the centerline of the base are greatly influenced by changes angle of attack (see Figure 19 (b)). At an angle of attack of 25 deg., the heat flux initially decreases moving from the leeside corner toward the windside corner of the base, further away from the compressed, hightemperature gas at the wake neck. At the windside corner, flow has rapidly expanded from the forebody shock layer into the base region. At this low angle of attack, the flow turning angle into the base region is very large and the translational temperature drops significantly; however, this rapidly expanding flow is in thermodynamic nonequilibrium and the vibrational temperature remains high well into the base region (see Figure 20(a) ). This higher vibrational energy ultimately causes radiative heat flux to increase as the windside corner of the base is approached along the centerline. This trend is similar to what was observed for the sphere-cone leeside shoulder. The excited flow from the forebody rapidly expands around the shoulder, which leads to a region of flow that has not yet equilibrated.
As angle of attack is increased to 40 deg., the radiative heat flux decreases in the immediate vicinity of the leeside corner of the base, moving away from compressed, high-temperature wake flow. Otherwise, in moving from the leeside corner to the windside corner of the base, the heat flux exhibits a gradual increase. While some rapid, nonequilibrium expansion persists at the windside corner at this angle of attack (see Figure  20 (b)), a bigger impact to the radiation is the stronger bow shock and the corresponding higher shock-layer temperature. As this high-temperature shock layer extends beyond the full length of the ellipsled, excited CO 2 is able to radiate toward the base.
The behavior is similar as angle of attack is increased to 55 deg. However, in this case the radiative heat flux increases along the entire length of the base centerline, precipitously so as the windside corner of the base is approached. The chief cause of this rise is again an increase in bow shock strength and shock-layer temperatures (relative to the 25 deg. case). At this increased angle of attack, the base of the ellipsled is exposed to an even larger volume of high-temperature gas. Similar to the 40 deg. case, a large rise in radiative heat flux occurs on the windside shoulder itself.
B. Ellipsled Length Dependency
At a fixed 40 deg. angle of attack, ellipsled configurations with lengths of 20, 30, and 40 m were analyzed to assess the impact of varying length on the backshell radiative heat flux. The resulting distributions along the centerline of the ellipsled are shown in Figure 22 The overall behavior in the radiative heat flux distributions (Figure 22(a) ) suggests that any impacts of increasing ellipsled length on the flow field do not feed forward and affect the distribution ahead of that added length. That is, as the ellipsled length is increased, the additional volume of gas does not appear to significantly modify the forward portion of the centerline heat flux distribution. The distributions for the various values of ellipsled length are therefore virtually coincident. Thus, the basic trends in backshell radiative heat flux distribution explained for the length of 30 m at angle of attack of 40 deg. case apply here for all values of length. The only differences are that the distribution is either truncated (for length of 20 m) or extended (for length of 40 m) along the same existing trend.
Along the base centerline (Figure 19(b) ), the radiative heat flux distributions follow nearly identical trends. Slight differences in magnitude are seen at the leeside corner because the structures in the leeside flow field depend on length. Because the angle of attack remains constant, the expansion of the shock layer into the base region and the compression seen at the wake flow are very similar and virtually independent of length. Therefore, in moving from the leeside corner to the windside corner along the base centerline, the radiative heat flux distributions are almost coincident. At the windside corner of the base, a slightly higher heat flux is encountered for the 20 m length ellipsled. Here, the shock layer flow at the windside corner has traversed through portions of the bow shock at the nose. The resulting temperatures at the windside corner remain somewhat higher and yield slightly higher shock layer radiation.
VI. Conclusions
